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Active  and  reversibly  inactivated  (R.I.)  megatkerium  phage  (Northrop, 
1955 a)  are both hydrolyzed slowly and at about the same rate by trypsin, 
chymotrypsin, and desoxyribonuclease. Heat-inactivated phage is hydrolyzed 
very much more rapidly. Megatkerium C phage is inactivated more rapidly than 
T  phage, but again there is no significant difference between the rate of hy- 
drolysis of active and R.I. phage. The results of these experiments are sum- 
marized in Table I. 
This  result  fails  to  confirm  the  assumption  that  the  reaction,  active 
phage ~  R.I. phage, is reversible protein denaturation, since, in general, de- 
natured proteins are hydrolyzed much more rapidly by trypsin and chymo- 
trypsin, than are native proteins.  I 
Both phages are inactivated more rapidly than is staphylococcus phage, by 
trypsin, but more slowly by chymotrypsin. 
Living B. megatherium or B. coli, like other living cells, are not attacked by 
trypsin or chymotrypsin, probably because the enzyme cannot enter the living 
cell (Northrop, 1926).  In any case, the resistance of these cells cannot be due 
to the presence of "inhibitors," since in the present experiments the solutions 
contained 10 rag.  of pure active enzyme/ml, but only about  1  X  10  -e nag. 
cells. H the cells were made entirely of inhibitor, therefore, there still would not 
be enough to inactivate 10 rag. (about 2 )< 10  ~7 molecules) of enzyme. 
Heat-killed B. megatkerium  (Gram-positive)  are hydrolyzed slowly and at 
about the same rate as active C  phage. Heat-killed B. coli  (Gram-negative) 
x The rates of hydrolysis of active, reversibly denatured, and heat-denatured soy 
bean trypsin inhibitor by trypsin are quite similar to the rates of hydrolysis of active, 
reversibly  inactivated, and heat-denatured phage.  The  results  in  the  case of soy 
bean inhibitor are complicated, however, by the fact that the R.I. form reverts  to 
the native under conditions necessary for trypsin hydrolysis,  so that the apparent 
slow rate of digestion of this protein, when reversibly denatured, may be an artifact, 
as Kunitz has pointed out (Kunitz, 1946). 
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TABLE  I 
Rate of Inactivation (or Hydrolysis) of Various Phages, Bacteria, and Proteins by 
Trypsin,  Chymoteypsin, Desoxyribonuclease, or Ribonuclease at O°C. 
0.7 
The  velocity  constants are calculated from K  -  t  X  mg.E/ml.' in which t is the time 
in days for the reaction to reach one-half completion at 0°C. This is only a  rough approxi- 
marion of the true velocity constant, since some of the enzymes,  especially desoxyribonuc- 
lease, do not give monomolecular reaction curves. 
The phage results are the average of 4  to 6  experiments carried out at different times 
with different phage and enzyme preparations. 
The rates have been corrected for changes in control tubes containing inactive enzymes. 
This correction is small except in the case of C phage, in which case it is 20 to 30 per cent 
of the velocity constant. 
Substrate 
Megatherium T  phage 
Active ............................... 
Reversibly inactivated ................. 
Heat inactivated ...................... 
Megathctium C phage 
Active ............................... 
Reversibly inactivated ................. 
Staphylococcus  phage  (Northrop,  1938)  in 
0.25 saturated (NH4),SO4; active ..... 
Soy bean trypsin inhibitor (Kunltz, 1946) 
Native ............................... 
Reversibly denatured .................. 
Heat denatured ....................... 
B. megatherium 
Living ............................... 
Heat-killed ........................... 
B. coli 
Living ............................... 
Heat-killed ........................... 
Benzoyl-arginine-amide (Butler, 1941) ...... 
Casein .................................. 
Chymotrypsinogen,  native  (Northrop, 
Kunitz, and Herriott, I948) ........... 
Desoxyribonucleic acid (Kunltz, 1950) ..... 
Enzyme 
Chymo-  ribo-  Ribonuclease  Trypsin  trypsin  nuclease 
K  (day ms. enzyme/ml.) -i 
0.02 
0.015 
)10 
0.06 
0.03 
(0.01 
(0.01 
Slow 
700 
0 
0.2 
0 
loo 
5 
looO 
1400 
0.015 
0.010 
>10 
0.03 
0.05 
1.0 
<0.01 
Slow 
7OO 
0 
0.2 
0 
100 
5OO 
<0.01 
1.0 
1.0 
2.0 
6OO 
Inactivates 
No effect 
are hydrolyzed very rapidly, and at about the same rate as heat-inactivated  C 
phage  or casein  or  chymotrypsinogen. 
In  general,  the  rates  of  inactivation of  the various  phages by  trypsin  and 
chymotrypsin  are  very  slow  compared  to  the  rate  of  hydrolysis  of  some  de- ~OItN If.  NORTHROP  253 
natured proteins; the rate of inactivation by desoxyribonuclease is also very 
slow compared to the rate of hydrolysis of desoxyribonucleic acid. 
Megatherium phage is inactivated by ribonucleasc also, but this is not an 
enzymatic reaction,  since  heat-inactivated ribonuclease also  inactivates  the 
phage. The effect is probably similar to the inactivation of tobacco mosaic virus 
by ribonuclease (Loring, 1942). 
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FIG. 1. Effect of trypsin or chymotrypsin on active and inactive T  and C phage. 
All mixtures made up in 5 per cent, pH 7 peptone and kept at 0°C. Phage concentra- 
tion about 25,000/ml.  in enzyme solution; diluted 1/100 for plaque count. 
R.I. phage prepared by dilution in 0.01 ~, pH 6 acetate buffer at 0°C. (Northrop, 
1955 a) and added to pH 7 peptone. Assayed for active and R.I. phage (Northrop, 
1955 a). 
Experimental Results 
Tke Effect of Trypsin and Ckymotrypsin on Active and Reversibly 
Inactivated Pkage 
The results of experiments in which active and R.I. T  phage, and active or 
heat-inactivated C phage were diluted in 5 per cent peptone containing trypsin 
or chymotrypsin at 0°C. are shown in Fig. 1. The rate of inactivation is approxi- 
mately logarithmic and proportional to the enzyme concentration. The reaction 
as a whole appears to be a normal enzyme reaction. Four different samples of 
trypsin and chymotrypsin, prepared by different workers and which differed in 254  MEGATHERIUM  PHAGE 
the number of times they were crystallized, all gave about the same reaction 
rates, so that it is unlikely that the effects observed are due to other enzymes. 
In addition,  two samples  of trypsin were tested for desoxyribonuclease and 
found to contain less than 0.01 per cent (the limit of accuracy of the test).  ~ 
Tke Effect of Neutral Salts on tke Ckymotrypsin Reaction 
Butler  (1955)  has  shown  that  the  rate  of hydrolysis of nucleoprotein by 
chymotrypsin is greatly accelerated by high concentrations of neutral salts. 
The rate of inactivation of phage by chymotrypsin is also markedly increased 
by concentrated solutions of NaC1,  (NH4)2SO4,  or MgSO4  (Table II).  This 
explains  the  rapid  inactivation  of staphylococcus phage  with  chymotrypsin 
TABLE II 
Effext of Salts on tke Rate of Inoztlration of T Phage by Ckyraotrypsln 
Salt 
NaCI 
(NH4hSO4 
MgSO4 
ConcentrafionJ~]Hter 
0.1 
2.0 
4.0 
1.0 
2.5 
1.0 
2.0 
K  (day rag. chymotrypsln/ml.) -1 0 ° 
0.015 
0.015 
0.018 
1.0 
0.02 
2.0 
0.02 
1.0 
(Northrop,  1938),  since  these  experiments  were  carried  out  in  one-fourth 
saturated  (NH4)2SO4. 
The rate  of digestion  of dead  B.  megatkerium  by chymotrypsin was  not 
changed  by neutral salts. 
The Effect of Trypsin and Chymotrypsin on B. megatherium 
The results of an experiment in which living B. megatherium  were suspended 
in trypsin and chymotrypsin are shown in Fig. 2. The cells grew as rapidly in 
the enzyme solution as in the control. The growth in the presence of the heat- 
inactivated enzyme is more rapid than in the control tubes, due probably to the 
presence of the precipitated denatured enzyme protein. 
Kleczkowski and Kleezkowski (1954) have reported that Rkizobium phage is not 
inactivated by chymotrypsin, but the enzyme concentration used was much lower 
than that used in the present experiments. JOHN  H.  NORTHROP  255 
e ~JO  m~. denot. 
chymot~tpsin/ml. 
~ 
10 m S. dena~. 
4  twp~Jn/ml" 
">.3 
~o  2  10 m 9.  chymot~psin/ml. 
I0  m 9.  tPypsin/ml. 
Control  -  no enzyme 
i' 
!  I  ]  I 
1  2  3,  4 
Hour~  at 55  ° C. 
FIG. 2.  Effect of active and  denatured trypsin and  chymotrypsin on  living  B. 
~g~ris~-sensitive  B diluted in 5 per cent peptone to 1 X  10  ~ cells/ml,  in tubes 
containing enzyme noted. Stand 20  °. Plate 0.1 ml. as noted. Protein/cell =  1  X  10  -9 rag. 
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FIG. 3. Effect of various concentrations of desoxyribonuclease  in the plating sus- 
pension on the plaque counts of C or T  phage. 
Inactivation of Active and Reversibly Inactivated Pkage by Crystalline 
Desoxyribonudease 
The inactivation by desoxyribonuclease is complicated by the fact that a 
few ~, of the enzyme decrease the plaque count when added to the plating sus- 
pension  (Fig.  3).  Similar  results  have  been  reported  by  Kleczkowski 
and Kleczkowski (1951,  1954)  in connection with the effect of chymotrypsin 
and ribonuclease on Rkizobium phage.  Kleczkowski and Kleczkowski found, 
however, that the enzymes act only on the phage-susceptible cell complex and 
not on either phage or cells alone. In the present experiments, this is not the 
case. The enzyme inactivates the phage alone under conditions in which the 
concentration of enzyme present in the phage-cell mixture is too low to affect 
the plaque count. In the case of desoxyribonuclease, for instance (Fig. 3), less 
than 4  "t desoxyribonuclease/ml, do not decrease the  count.  All samples of 256  MEGATIIER~  pHAGE 
desoxyribonuclease-phage  solutions  were  therefore  diluted so  as  to  contain 
< 4 "r desoxyribonuclease/ml,  before mixing the phage and cells. 
Hershey and Chase (1952) also found that B. coli phage was not digested by 
desoxyribonuclease  until it became attached to the cells. Hershey and Chase 
used very short digestion  times (15 minutes) and this may account for their 
failure to detect inactivation of the phage by desoxyribonuclease. 
Herriott and Barlow  (1952) used desoxyribonuclease  in the purification of 
B. coli phage, without causing inactivation of the phage, but the desoxyribo- 
nuclease concentration used (1 3,/ml.)  was much lower than that used in the 
present experiments. 
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FIO. 4. Inactivation of C phage by various concentrations  of desoxyribonudease,  0% 
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Fro. 5. Inactivation of various phage preparations by 0.5 rag. crystalline desoxy, 
ribonuclease/ml., 0  °. 
It may be noted that the plaque count is reduced to about one-half by 40 3' 
of desoxyribonuclease  and that 400 v  cause no further decrease. The plaques 
formed in the presence  of the enzyme are much smaller  than in the control 
plates. A similar result is obtained in the phage inactivation experiments shown 
in Fig. 4. In this case also, the phage is rapidly inactivated at first, but after a 
few hours the activity remains constant. The higher the initial concentration 
of phage,  the smaller the per cent inactivated by a given desoxyribonuclease 
concentration. 
The kinetics of the hydrolysis of nucleic acid by desoxyribonuclease presents 
somewhat similar  anomalies,  since here also the more concentrated the sub- 
strate the slower the digestion rate, and the lower the per cent digested (Kunitz, 
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In  the  present  experiments, the  results  indicate  that  there  are  (at least) 
two kinds of T phage, one of which is resistant to desoxyribonuclease. This con- 
clusion is confirmed by control experiments in which an excess of active desoxy- 
ribonuclease was added to the desoxyribonuclease-phage mixture after 4 days. 
No further inactivation of the phage occurred. Phage derived from the residual 
(resistant) phage after multiplication in sensitive megatkerium  is no longer re- 
sistant but is again one-half inactivated, like the original phage (Fig. 5). 
C  phage is inactivated more rapidly than T  phage, as in the trypsin and 
chymotrypsin experiments. 
Effect of Active and Inactive Ribonuclease on Active and Reversibly 
Inactivated Phage 
Active or heat-inactivated ribonuclease inactivates (inhibits) active T phage, 
but neither the active nor the heat-inactivated enzyme affects the R.I. phage 
(Fig. 6). Since this effect is obtained with heat-inactivated enzyme, this is not 
o  1  "R.I.  phage * act. or, react,  mbonuclease 
~  100~-  ,  •  ....... 
"~  ~  50~  ~ctive phage alone 
6  12  18  24 
]-Iou~  at 0°C. 
FIG.  6.  Effect  of  active  and  heat-inactivated  ribonuclease  on  active  and  R.I. 
phage, 0  °. 
an enzymatic reaction, but probably a  compound formation, as in the case of 
tobacco mosaic virus and ribonuclease (Loring, 1942).  8 
The writer is indebted to Dr. M. Kunitz for specially recrystaUized samples 
of the enzymes used, and to Dr. Margaret McDonald for samples of crystalline 
desoxyribonuclease which had been tested for ribonuclease and proteinase ac- 
tivity. No ribonuclease or proteinase could be detected so that it is quite certain 
the action of desoxyribonuclease is not due to traces of trypsin or ribonuclease 
in the preparation. 
Experimental Procedure 
The R.I. phage was prepared and determined as described  in the previous paper 
(Northrop, 1955 a). 
The heat-denatured phage was prepared by heating a solution  of purified phage 
(Northrop, 1955 b) to 100  ° for 5 minutes. 
8  Ribonudease is heat-stable under certain conditions,  but in the present experi- 
ments, the enzyme was boiled in 5 per cent peptone. The denatured enzyme precipi- 
tates under these conditions and the suspension shows no ribonuclease activity. 258  MEGATHERIITM  PHAGE 
Control experiments showed that digestion of the peptone with trypsin or chymo- 
trypsin, before addition of the phage, did not affect this result. The loss of activity is 
not caused therefore by destruction of a "stabilizer" in the peptone. 
SUMI~f~Ry 
The effect of trypsin, chymotrypsin, and desoxyribonuclease on active, re- 
versibly inactivated, and heat-inactivated B. megatherlum phage, and on living 
and dead B. megatheriura  and B.  coli  has been determined. The results are 
summarized in Table I. 
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